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Introduction
L iver injuries are found to occur frequently and cause suffering and distrust in the public healthcare. Druginduced liver injury (DILI), in particular, is a major problem since these incidences in many cases cause severe hepatic injury, are difficult to predict, and often are identified only after marketing of the drug. In fact, DILI is one of the most frequent reasons for the withdrawal of an approved drug from the market, and accounts for up to 50% of acute liver failure cases [1, 2] . DILI is also one of the most common reasons that clinical trials of new therapeutic agents are terminated. Thus, because of the severity and rarity of these DILI reactions, a large number of drugs have been withdrawn from the market since 1990 [3] . As a result, the medical companies suffer major losses due to unnecessary investments into late clinical phases and loss of momentum in research.
Animal experiments are important tools in drug discovery today. However, animal tests are neither cost effective nor ethical or predictive, as there are major species differences regarding drug metabolism and toxicity. Hence, there is a high demand for innovative humanpredictive in vitro test systems with increased predictability. Human primary hepatocytes (hPH), together with cardiomyocytes and neurons, are considered to be the most important cell types for early drug discovery and toxicity studies. However, there is a large and unmet demand of hPH due to the often scarce and unpredictable availability of fresh liver samples. Another issue regarding the use of hepatocytes is the huge variation in cell functions and metabolic capacity, especially Cytochrome P450 (CYP) activities [4, 5] , which in part may be explained by an interdonor variability.
Human embryonic stem cells (hESC) are one of the most versatile cell types known, due to the capability of selfrenewal and the property of pluripotency. Their ability to differentiate into all cell types in the adult human body provides a valuable tool for drug discovery, toxicology research, and regenerative medicine. By directing the hESC toward specific cell types, they have the potential to constitute an almost endless supply of different functional cells types. During the last decades, much effort has been made to derive hepatocytes from hESC, and numerous studies report on hepatocyte-like cells (HEP) that in many aspects resemble their in vivo counterparts [6] [7] [8] [9] . However, the hESC-derived HEP have in some aspects demonstrated reduced hepatic functionality when compared to hPH. The research on differentiation of hESC into HEP has mainly been done in 2-dimensional (2D) culture. However, the stem cell 3-dimensional (3D) niche is the basis for differentiation [10] and maintenance of differentiated status [11, 12] . Based on that, we have investigated if the differentiation of hESC toward hepatocytes can be improved by using a 3D culture system that better mimics the in vivo situation. For this purpose, we have used a perfused, 4-compartment bioreactor with decentralized nutrient and gas supply to the cells, mimicking the blood flow in the liver. Interestingly, our results presented here show that the extent of hepatic differentiation is improved with 3D culture compared to a conventional 2D culture.
Materials and Methods

Three-dimensional bioreactor technology
The perfused, laboratory-scale bioreactor (Stem cell systems) used consists of a polyurethane housing containing 3 independent, interwoven bundles of capillaries (Fig. 1) . The capillaries consist of hollow fiber membranes, creating a 3D scaffold enclosed in a 2-mL volume cell compartment. A more schematic illustration of the bioreactor has been reported by Zeilinger et al. [13] . Two of the capillary bundles consist of hydrophilic medium perfusion membranes with a molecular weight cut-off at approximately MW 500,000. The third bundle is made of hydrophobic multilaminate hollow fiber membrane for gas exchange via diffusion. The 2 medium bundles have a counter-current flow, and together with the integrated gas exchange, the mass exchange and gradient distances conditions are more similar to in vivo conditions ( Fig. 1) [14] . The cells are inoculated in the cell compartment around the extracapillary space, and supported by the decentralized medium and gas perfusion. The bioreactor is connected to a standard, medical-grade, dialysis polyvinyl chloride tubing system and integrated into a processor-controlled perfusion device (Stem cell systems), generating a perfusion circuit through the bioreactor. A fresh medium is continuously supplied from a medium bottle and mixed with a recirculating medium. Excess medium flows out into a waste bottle. A port allows sampling from the recirculating medium. The perfusion devise sustains stable and well-controlled conditions regarding temperature (37°C within the perfusion circuit) and gas supply (95% air and 5% CO 2 ). The airflow is kept constant throughout each experiment, while the CO 2 flow is adjusted to maintain the medium pH at physiological conditions (pH*7.4).
Preparation and differentiation of hESC toward hepatocytes
The hESC cell line SA121 (Cellartis AB; http://cellartis .com) was derived and characterized as previously described [15] . The undifferentiated cells (UD) were cultured as a monolayer and enzymatically passaged every 3-4 days according to Cellectis culture protocols (DEF-CSÔ). Induction of hESC into definitive endoderm (DE) was initiated by a 24-h pretreatment in a Cellectis proprietary pretreatment medium supplemented with 5 nM Rock Inhibitor (Merck) [16] , followed by 1 day in an RPMI 1640 medium (Invitrogen), supplemented with 1% GlutaMax, 0.1% Pen/Strep, 1 · B27 supplement (Invitrogen), and 100 ng/mL Activin A (PreProtech) supplemented with 1 mM sodium butyrate. The medium was then supplemented with only 0.5 mM sodium butyrate the following 5 days and changed with an interval of 1-2 days. At day 7, the DE cells were split with TrypLEÔ Select (Invitrogen), suspended in a progenitor medium [composed of Advanced RPMI 1640 (Gibco) supplemented with 1% GlutaMax, 0.1% Pen/Strep, 0.2% FBS (Invitrogen), 50 ng/mL BMP2, 100 ng/mL aFGF, 200 ng/mL BMP4 (Promocell), and 5 ng/mL bFGF (PreProtech) supplemented with 5 nM Rock Inhibitor], and either inoculated into bioreactors, seeded in 2D controls, or seeded in flasks for further differentiation ( Fig. 2A) . A minimum of 25 million cells were inoculated into the cell compartment of the bioreactors. The cells were perfused with a constant medium recirculation FIG. 1. The 3-dimensional (3D) bioreactor technology. A 4-compartment, perfused bioreactor with a 2-mL cell compartment (a) and connections for medium (b) and gas (c) perfusion, together with a port for cell inoculation (d). Filled arrows show medium flow direction, and the dotted arrows indicate gas flow through the bioreactor. A schematic view of the bioreactor is presented by Zeilinger et al. [13] .
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rate of 12 mL/min with a 20 mL/min gas mixture (95% air and 5% CO 2 ). Fresh medium was supplied with a feed rate of 2 mL/h. For the 2D control cultures 75,000 cells/cm 2 were seeded on Matrigel-coated 12-well plates in the presence of 5 nM Rock Inhibitor and cultured at 37°C with 5% CO 2 . The cells were cultured for 3 days in a progenitor medium, followed by 7 days in a knockout DMEM (Invitrogen) supplemented with 1% GlutaMax, 1% NEAA (Invitrogen), 0.1 mM b-mercaptoethanol, 20% knockout serum replacement (Invitrogen) and 1% Pen/Strep, and 1% dimethyl sulfoxide (DMSO) with a medium change every second day. At day 12, the cells were differentiated into a progenitor (PRO) stage and were split with TrypLE Select, and either inoculated in the bioreactor or seeded in 2D control cultures (Fig. 2A) . The HEP represent control samples of HEP differentiated in a 2D system without passage at day 12. Sample 2D.HEP.PRO represent control samples of HEP differentiated in a 2D system and with a passage at day 12. Sample 3D.HEP.DE means HEP that are differentiated in the 3D system and inoculated in the bioreactor at day 7. Sample 3D.HEP.PRO means HEP that are differentiated in the 3D system and inoculated into the bioreactor at day 12. Small letters represent the 4 experimental replicates. cells were further matured into hepatocyte-like cells (HEP) by culturing them in Williams medium E (Gibco) supplemented with SingleQuotes (without GA1000; Lonza), 1% GlutaMax, 1% Pen/Strep, 10 ng/mL oncostatin M, 20 ng/mL HGF (Promocell), 0.1 mM dexamethasone, and 0.5% DMSO (Sigma) with a medium change every second day. The DE and PRO bioreactors were cultured separate, but in parallel, in the same perfusion system and under identical external conditions throughout the differentiation process.
RNA extraction and real-time polymerase chain reaction
Cells were collected at defined time points and stored in RNA Cell Protect (Qiagen) at -20°C until RNA was extracted. Total RNA was extracted from cells using an RNEasy Plus Mini Kit (Qiagen) according to the manufacturer's instruction. About 0.6 mg total RNA was reverse transcribed in a final volume of 20-mL reaction mix of the High Capacity cDNA Reverse transcriptase Kit (Applied Biosystems). Real-time polymerase chain reaction (PCR) was carried out using ready-to-use TaqMan Gene Expression Assays (Applied Biosystems), according to the manufacturer's instructions. CREB-binding protein (CREBBP) and TATA-binding protein (TBP) were used as reference genes.
Microarray experiments
The RNA was quantified using NanoDrop ND-1000 (NanoDrop Technologies). The quality of the RNA and cDNA, labeled by in vitro transcription, was verified using an Agilent Bioanalyzer (Agilent Technologies), and only samples with an RNA integrity number values > 7 were accepted for the microarray analysis. Microarray experiments were conducted on samples of UD, DE, PRO, and HEP, differentiated using either the 2D or 3D differentiation system ( Fig. 2A) . In addition, hPH isolated from the adult liver were included as reference sample. The liver samples originate from 3 different patients who have undergone liver resection (Sahlgrenska Hospital, Gothenburg, Sweden), derived with donor consent. The differentiation experiments were repeated 4 times to generate biological replicates. To measure the mRNA expression, fragmented cDNA was hybridized at 45°C for 16 h to whole-transcript Gene ST 1.0 arrays (Affymetrix), according to instructions from the vendor. The microarrays, covering 33,297 transcripts, were scanned on a GeneChip Scanner 3000 7G (Affymetrix), and expression signals were extracted and normalized using the Expression ConsoleÔ (Affymetrix) applying the Robust Multichip Average (RMA) method. RMA is a 3-step procedure, including background subtraction, quantile normalization, and probe summarization. To verify the results of the microarray, 7 of the most significant and relevant up-and downregulated genes were analyzed by real-time PCR (RT-PCR) (as described above).
Data analysis
Identification of differentially expressed transcripts. The reproducibility in the experiments was verified by hierarchical clustering of the global transcriptional dataset using Pearson correlation and average linkage. Three arrays (all from the same experiment) did not group together with their corresponding sample groups and were therefore discarded from the dataset. The dataset was further filtered by removing probe sets with expression values below or close to background levels, and probe sets with log 2 values below 5 in all samples were removed from further analysis. Expression values of pluripotent markers in the differentiated samples were used to guide in selection of appropriate backgroundfiltering threshold. For the remaining probe sets, the foldchange (FC) values between paired 2D and 3D samples were calculated for each experiment individually, and one-sample t-test was applied to identify transcripts that were differentially expressed between the 2D and 3D culturing systems. A combined criterion of uncorrected P value < 0.05 and FC values > 2 was used to identify transcripts with statistical and biological differences [17] [18] [19] . Moreover, the set of differentially expressed genes was further filtered to only include genes annotated with official gene symbols. Also, nonhepatic genes were investigated during the stepwise differentiation. A set of 481 genes with expression below background in hPH and above background in UD was monitored during the differentiation.
Analysis of similarities in the global gene expression. To assess the similarity of the hESC-derived hepatocytes to the hPH, the similarities in gene expression across the samples were investigated. A criterion for assessment of similarity based on CV < 30% between replicated samples and a FC < 1.5 between pairwise comparisons of groups as defined in [20] was used, and the number of genes that fulfilled both these cutoffs was calculated. The FC values were calculated using the average expression of the biological replicates.
Pathway analysis. To explore putative mechanistic effects of the 3D differentiation system, over-representation of pathways among the up-and downregulated genes in the 3D system compared to the 2D system was investigated. All genes with a P value < 0.05 (Supplementary Table S1 ; Supplementary Data are available online at www.liebertpub.com/scd) were used as input to DAVID, and significantly over-represented gene sets in the manually created KEGG pathway database (www .genome.jp/kegg) [21] were identified.
Gene ontology enrichment analysis. The functional properties of genes that showed differential expression using the 3D differentiation system compared to the 2D system were investigated. A Gene ontology (GO) [22] enrichment analysis was performed using the DAVID bioinformatics resource [23] , and significantly over-represented GO annotations for biological process (BP), molecular function (MF), and cellular component (CC) among the up-versus downregulated genes were identified. All enrichment calculations were performed as previously described [24] . Again, all genes with a P value < 0.05 (Supplementary Table S2 ) were used as the input to the enrichment analyzes, and all genes represented on the arrays were used as the reference list. The hypergeometric test was applied to identify significantly over-represented annotations (P < 0.01) from all 3 categories using the GO Fat set, in which the broadest terms are filtered as described in the documentation for DAVID [23] .
Determination of metabolic parameters
Samples from the recirculating medium were taken every 2-3 days for biochemical analyses done at the clinical chemistry laboratory at the Karolinska University Hospital. The metabolic activity of the cells was measured by glucose 584 SIVERTSSON ET AL.
consumption and lactate production. Hepatocellular injury was determined by lactate dehydrogenase (LDH), aspartate aminotransferase (ASAT), and alanine aminotransferase (ALAT) release.
Cytochrome P450 activity experiments
At the end of the differentiation procedure (day 23), the basal CYP activity was measured. The feeding of the fresh medium was stopped, leaving only the recirculating medium to perfuse the cells. A CYP cocktail was added through the sampling port and mixed with the medium, generating final concentrations of 3 mM midazolam (Dormicum; Roche Pharma), 9 mM diclofenac, 26 mM phenacetin (Sigma-Aldrich), and 100 mM bupropion (Toronto Research Chemicals). About 200 mL samples were taken after 10-h and 24-h incubation and frozen at -20°C until analyzed. After the CYP activity experiment, the bioreactor circuit was rinsed with 50 mL medium, and the fresh medium feeding was reconnected to the standard, continuous operation mode. The metabolite concentrations of 1-hydroxymidazolam, paracetamol, 4-hydroxydiclofenac, and hydroxybupropion in the medium were analyzed at AstraZeneca as previously described [25] .
Immunohistochemistry
At day 26 of differentiation, the bioreactors were shut down and disconnected. The top of the bioreactor was cut open, and the capillary layers with surrounding cells were carefully removed as a block, without disrupting the structure. The sample was transferred to a histology cassette, fixed in 5% formaldehyde, dehydrated with increasing concentrations of ethanol, primed with xylene, and then embedded in wax. From the material left in the bioreactor, a sample of cells was collected for RNA analysis. The block of cells and capillaries from the bioreactor was sent for preparation at a histological technical center (Histo-center AB; www.histocenter.se) where it was cut into *5-mm sections and stained with hematoxylin-eosin or antibodies for a-1-antitrypsin (A1AT), breast cancer resistance protein (BCRP; ABcam), and cytochrome P450 3A4 (CYP3A4, Cypex). The human liver, used as the reference sample, was derived from the Karolinska University Hospital (Huddinge, Sweden) by qualified medical staff and with donor-informed consent according to ethics and institutional guidelines. Immunofluorescence microphotographs were taken using a Zeiss LSM 710 confocal microscopy with Zen 2008 software (Carl Zeiss).
Results
Hierarchical clustering
Results from the global hierarchical clustering showed that samples clustered tightly together groupwise for UD, DE, PRO, HEP, and hPH (Fig. 2B) . Notably, no significant difference of mRNA expression at the global scale was observed between inoculating cells at the DE stage or at the PRO stage into the bioreactor. As shown in Fig. 2B , these 2 groups make one large cluster in the dendrogram.
Differentially expressed genes
Genes that were differentially expressed using the 3D system compared to the 2D system were identified using a combined criterion of P value < 0.05 and FC > 2. After filtering the low-expressed transcripts, 29,160 probe sets remain in the dataset. In total, 4,345 of these had a P value < 0.05 and of these were 2,834 annotated with an official gene symbol, and 1,056 were upregulated when the differentiation was performed in the bioreactor, and 1,778 were downregulated. To increase the biological relevance of our results, genes with transcriptional differences FC < 2 between the 3D and 2D systems were filtered. Considering these criteria, in total, 102 genes were upregulated, and 63 genes were downregulated (Supplementary Table S1 ) when the hepatocyte differentiation was performed in the bioreactor compared to in the 2D differentiation system (Fig. 3A) . A set of 481 genes identified as not expressed in hPH and with expression above background in UD were monitored during differentiation, and a stepwise silencing of 55% of these genes was observed; 80 genes were downregulated at day 7, and 144 additional genes were downregulated at day12, and another 39 genes were downregulated at day 26 (3D) (Fig.  3B) . To verify the microarray results, we analyzed 7 of the most significant down-and upregulated genes by RT-PCR (Fig. 4 and Supplementary Table S1 ). Indeed, the results from these analyses are in accordance with the microarray results.
Similarity in gene expression between hESC derivatives and hPH
To examine the similarities of the transcriptional profiles between the hESC derivatives and hPH, the number of genes that display a high similarity across the different samples was determined (Fig. 5) . We used a stringent similarity   FIG. 3 . Differentially expressed genes. (A) One-sample ttest identified 4,345 transcripts with uncorrected P value < 0.05. Of these had 2,834 official gene symbol annotations; 1,056 were upregulated, and 1,778 were downregulated in the 3D culturing system compared to the 2D system. In total, 102 of the upregulated genes were more than 2-fold induced, and 63 were more than 2-fold repressed using the bioreactor system. (B) A set of 481 nonhepatic genes showed expression below background in hPH and above background in UD. These genes were monitored during hepatic differentiation, and at day 7, 401 of these showed gene expression (80 were downregulated at this step), and at day 12, 257 of these showed gene expression (144 were downregulated), and at day 26 (3D), were 218 of these genes still expressed. In total, 263 (55%) of the monitored 481 nonhepatic genes were silenced during this differentiation regime. FC, fold change. threshold of FC < 1.5, and transcripts with a high variation within the biological replicates (CV > 30%) were excluded from the calculation. A clear pattern of stepwise maturation was observed during the hepatic differentiation, and interestingly, the 3D differentiated hepatocytes (HEP 3D) showed the highest similarity to hPH with 17,893 transcripts that fulfilled our similarity criteria. When comparing the 2D differentiated hepatocytes (HEP 2D) with hPH, in total, 104 fewer transcripts fulfilled the similarity criteria. Expectedly, the similarity to hPH was lower in the less-mature derivatives, and in the PRO sample, 16,989 transcripts were similarly expressed as in hPH. The corresponding number of when comparing DE to hPH was 15,968 transcripts.
GO enrichment analysis
The functional properties of the differentially expressed genes were further explored with respect to the GO annotation categories. Results from this analysis show that in the BP category, a large fraction of the enriched annotations is connected to various metabolic processes, and in the CC category, many of the annotations are associated to lipoprotein particles that are important for cholesterol transport and mainly synthesized in the liver or in the intestine. In the MF category are, for example, sterol and cholesterol transport and tetrapyrrole and heme-binding annotations overrepresented (Supplementary Table S2 ). Similar dominance of liver-related annotations was not observed for the downregulated genes (Supplementary Table S2 ).
Pathways affected by 3D differentiation
Results from the global transcriptional data reveal interesting mechanistic effects on the pathway level, when differentiation was performed using the bioreactor system. Using as input, the list of 1,056 genes (Supplementary Table  S1 ), identified by one-sample t-test as upregulated in 3D differentiation, 10 over-represented KEGG pathways, were identified (Table 1) . Interestingly, these pathways are highly related to liver functions supporting the hypothesis that 3D culturing systems promotes hepatic differentiation. Moreover, in total, 19 KEGG pathways were over-represented among the 1,778 downregulated genes during 3D differen -FIG. 4 . Verification of the microarray results. To verify the microarray results, a set of the most significant up-and downregulated genes (selected from Supplementary Table S1) was analyzed with real-time-polymerase chain reaction (RT-PCR) using mRNA from 4 individual experiments. The results from these analyses are in accordance with the microarray results. CREB-binding protein (CREBBP) and TATA-binding protein (TBP) were used as reference genes. The data were analyzed using one-way analysis of variance (Dunnett's multiple comparison test) and are shown as mean fold changestandard deviation (FC -SD), with *P < 0.05 compared to 2D.
FIG. 5.
Similarity in gene expression between human embryonic stem cell (hESC) derivatives and hPH. To examine the similarities of the transcriptional profiles between the hESC derivatives and the hPH, the number of genes that display a high similarity across the different samples was determined. We used a stringent similarity threshold of FC < 1.5, and transcripts with a high variation within the biological replicates (CV > 30%) were excluded from the calculation. A clear pattern of stepwise maturation was observed during the hepatic differentiation, with the highest similarity to hPH for the 3D differentiated hepatocyte-like cells (HEP 3D), with 17,893 transcripts. When comparing the 2D differentiated hepatocyte-like cells (HEP 2D) with hPH, in total, 104 fewer transcripts fulfilled the similarity criteria. For the PRO and the DE samples, 16,989 and 15,968 transcripts, respectively, were similarly expressed compared to hPH.
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tiation (Table 2) . Notably, many of these downregulated pathways are associated with apoptosis and cell proliferation, which most likely is an indication that 3D differentiation promotes the maturation processes in the cells, although it cannot be excluded that it could be a result of residual, stable, nonproliferating subpopulations of cells in the reactor.
Real-time PCR analysis
To follow the differentiation process, the cell differentiation was monitored at different time points. During the first 7 days of differentiation, the expression of Nanog and octamer-binding transcription factor 4 (Oct-4) were dramatically decreased (Fig. 6A) , and were further decreased until day 12. Alpha-fetoprotein (AFP) became detectable at day 12 ( Fig.  6B) . At the end of the experiment, at day 26 in the differentiation process, the expression of a large number of hepatic markers, enzymes, and transporters was analyzed. The expression levels are generally increasing along with the differentiation procedure. When comparing the expression levels in the 3D differentiated cells (HEP 3D) to the 2D differentiated cells (HEP 2D), CYP7A1, CYP2C9, and CYP3A4 were significantly induced (Fig. 6C) .
Metabolic activity
The metabolic parameters of the medium circulating in the bioreactors were examined every 2-3 days during the differentiation period. Throughout the whole differentiation time in the bioreactor, the cells were metabolically active by consuming glucose and, in comparable levels, produced lactate (Fig. 7) . During the differentiation from DE to PRO cells, the turnover was high; in total, 15-25 mg glucose was consumed, and comparable amounts of lactate were produced. When the cells reached the PRO stage, the levels evened out to about 10 mg glucose consumed and lactate produced and was stable throughout the rest of the differentiation process. The absolute levels of glucose and lactate were similar for DE and PRO bioreactors (Fig. 7A) . When inoculated into the bioreactors, the cells showed sign of stress, primarily by LDH leakage (Fig. 7B) . The stress was most likely due to the enzymatic dissociation before the inoculation. The cells rapidly adapted, and after a few days, the stress markers measured (ALAT, ASAT, and LDH) were back to low and stable levels (Fig. 7B) .
When treated with a CYP cocktail, the HEP in bioreactors, inoculated with DE cells or PRO cells, both produced phenacetin O-dealkylase, bupropion hydroxylase, and 1-hydroxymidazolam metabolites, indicating CYP1A1/2-, CYP2B6-, and CYP3A4-mediated activities (data not shown). However, the metabolite levels produced were low compared to hPH, and the values differed largely between different bioreactors, probably due to a dilution effect as a result of the large medium volume in the circuit (about 7 mL). Moreover, comparison between the bioreactors is problematic, since the final number of differentiated cells in the bioreactors is unknown.
Immunoassaying of bioreactor sections
After 26 days of differentiation, the cell material together with the interwoven capillaries was removed and embedded in wax. Stained slides show that the cells successfully arranged themselves between the capillaries (capillaries visible in Fig. 8A ). The HEP showed signs of hepatocyte-like UBE2Z, UBE2G1, PML, CDC34, UBE3C, CUL3, KLHL9,  UBE2D1, FBXW11, UBE2MP1, DDB1, UBE4B, UBE2J1,  UBE2L6, HERC4, UBE2I, UBE2L3, UBE2Q1, CDC27,  RNF7, NEDD4, PIAS3, UBA2, TRIM32, UBE2W,  SMURF2, PIAS1, UBE2S, UBE2E1  hsa03010 Ribosome  21  3.96E-05 RPL15, RPL26, RPLP2, RPS27L, RPL23A, RPL39, RPS8,  RPS19, RPS29, RPS16, RPL7, RPL41, RPL18A, RPL6,  RPL21, RPLP0, RPL9, RPS15, functions such as A1AT (Fig. 8A) and CYP3A4 (Fig. 8C) expression. The apical efflux transporter BCRP (Fig. 8B ) was also present in the bioreactor tissue.
Discussion
hESC have many unique characteristics and hence hold great potential as a cell source in basic research, drug development, pharmacological toxicity screening, and cellbased therapies in regenerative medicine. We have developed a highly reproducible and feeder-free culture system that can be fully automated for large-scale propagation and differentiation of embryonic stem cells into HEP. In this article, we show that the functionality of our differentiated HEP is further improved by 3D culture, compared to when differentiated accordingly in the standard 2D culture.
Several studies report on hESC differentiation to functional HEP by using directed developmental signaling [6, 8, 9, 26, 27] , but up to recent years, the hepatocyte-directed differentiation of hESC has mainly been done in 2D culture, and so far, no one has produced highly functional hepatocytes. Embryonic stem cells are derived from the inner mass of blastocyst-stage embryos [28, 29] , and when disrupted from their complex microenvironment and plated in 2D culture, the loss of structural architecture will affect the cell differentiation and maturation process [10] . The importance The expression of markers for UD, Nanog and Oct4, decreased as the differentiation process progressed. The data are shown as mean -SD FC and analyzed with a one-way analysis of variance (Dunnett's multiple comparison test) compared to expression levels in UD, with *P < 0.05 and ***P < 0.001. (B) The mRNA expression of the hepatic progenitor marker AFP increased during the progress of differentiation. The data are shown as mean -SD FC and analyzed with a one-way analysis of variance (Dunnett's) compared to the expression levels in UD. (C) The expression levels of different liver-specific genes generally increased during the differentiation process and in several genes, significantly increased for the cells differentiated in 3D. The mRNA expression levels are shown from 3-5 independent experiments. CREBBP was used as the reference gene. The data are shown as mean -SD FC and analyzed with a one-way analysis of variance (Dunnett's multiple comparison test) compared to the expression levels in HEP 3D cells, with *P < 0.05 and **P < 0.01. Only the significant differences between HEP 2D and HEP 3D are shown in the figure. of a 3D organization for maintaining acquired properties of specialized cells, for example, in the liver is also well known. Recent work by Chen et al. shows that primary hepatocytes transferred to a 2D culture rapidly dedifferentiate, resulting in a population of adult liver PRO [11] with loss of most hepatic functions [12] . This emphasizes that 3D culture is important not only for hepatic hESC differentiation but also to maintain their differentiated status. During the recent years, different 3D cultures have been described for hepatic differentiation of fetal liver cells, as well as stem cells. These include stirred bioreactors [30] , porous scaffolds, or extracellular matrices [31, 32] . These 3D cultures, together with traditional 2D assays, are all static culture systems with a discontinuous medium change and gas exchange usually only via diffusion from the surrounding.
The 3D bioreactor technology used in this study consists of a cell compartment perfused in a decentralized way, allowing the cells to be continuously supplied with nutrients and with a sustained gas exchange (Fig. 1 ). The bioreactor technique described here thus offers a more controlled and dynamic culture system for the differentiation of hESC into HEP. It has successfully been used for regenerative medicine as extracorporal liver devices [14, 33] . Previous work by Zeilinger et al. has proven it beneficial for culture of hPH, where when cultured in the 3D bioreactor described, the human liver cells retain more in vivo-like properties and functions compared to 2D cultures [13] . The cells also arranged themselves in tissue-like structures [14, 34] . This perfused 3D system has also shown to promote spontaneous differentiation of mouse ESC [35] . It has also been used for hepatic differentiation of hESC [36] . In that study, a larger model (8-mL cell compartment) of the bioreactor was used, coated with Matrigel, and cells were cultured on feeder cells (mouse embryonic fibroblast) were used. In our study, we stepwise guide the hESC through hepatic development, via DE, foregut endoderm, and hepatic PRO to HEP, by mimicking the in vivo embryonic liver development [7] . In the developing embryo, the formation of DE takes place in a monolayer of cells [37] . We therefore initiated the differentiation to DE in 2D culture. Moreover, we compared the same batch of cells differentiated in the bioreactor to cells cultured in 2D. To evaluate how timing of inoculation into the bioreactor affected the continued differentiation, the 3D culture was initiated at 2 different stages during differentiation: either as DE cells or as PRO cells.
To reveal novel findings concerning transcriptional patterns and mechanistic pathways that may be affected by the 3D culturing system, a global gene expression analysis was performed, which uncovered highly interesting results. The hierarchical clustering of the global transcription profiles confirmed the stability and the reproducibility of the differentiation system, and as shown in Fig. 2B , replicates of the different developmental stages clustered tightly together. However, no classification between the time points of inoculation into the bioreactor was achieved (Fig. 2B) , indicating that this parameter may be less important for the outcome of the 3D differentiation system used in this study.
The differential gene expression analysis demonstrates interesting transcriptional differences between the 2D and 3D cultured cells (Fig. 3A, B) . In total 1,056 genes were detected as significantly upregulated, and 1,778 were downregulated in the 3D culturing system compared to the 2D cultures. Although statistically significant, many of these genes showed rather small FC between the compared groups. Nevertheless, when investigating the functional properties of these differentially expressed genes, the group of upregulated genes in the 3D culturing system showed a strong overrepresentation of annotations involved in different metabolic processes connected to various liver functions. Among the overrepresented annotations for upregulated genes were for example, glycerolipid metabolic process, regulation of lipid transport, regulation of cholesterol transport, cholesterol homeostasis, and lipid homeostasis, indicating improved hepatic function in the 3D cultures, as the liver plays a vital role in the production and clearance of a large number of lipoproteins [38] . We also performed a pathway analysis that showed significant upregulation of 10 pathways that all are associated to liver functions (Table 1) . Interestingly, among the upregulated pathways are, for example, metabolism of xenobiotics by cytochrome P450, recently reviewed as the most important pathway to resemble in in-vitro technologies for drug biotransformation studies [39] . The lysosome pathway is, for example, connected to autophagy that is involved in major fields of hepatology and liver diseases [40] . Moreover, the NOD-like receptor-signaling pathway is induced in the 3D differentiation system. Both NOD1 and NOD2 mRNAs and proteins were recently shown to be highly expressed in hepatocytes in the mouse liver [41] . The ABC transporters are responsible for secretion of bile salts, and the importance of these transporters in various liver diseases is highlighted in a recent review by Nicolaou et al. [42] . Furthermore, the adipocytokine-signaling pathway has previously been studied in mice, where adiponectin was demonstrated to halt the progression of liver fibrosis [43] . Among the downregulated pathways in the 3D cultured cells compared to the 2D control cultures were, for example, pathways associated to apoptosis, cancer, and proliferation
FIG. 8.
Immunostaining of bioreactor slides. At the end of the experiment, at day 26 of differentiation, the capillaries and cell material were fixated and embedded in wax. Slides from the human liver were stained as control. Slides from the bioreactor (caps letters) and from liver tissue (lowercase letters) were stained with antibodies for a-1-antitrypsin (A and a), breast cancer resistance protein (B and b), and cytochrome P450 3A4 (C and c).
Scale bar, 10 mm. Color images available online at www .liebertpub.com/scd (Table 2 ). This result is particularly interesting, as it indicates an increased maturation of HEP differentiated in the 3D system. However, a selective downregulation of genes involved in apoptosis and proliferation as a result of residual, stable, nonproliferating subpopulations of cells in the bioreactor cannot be completely excluded, although considered highly unlikely. Interestingly, a similarity analysis demonstrated that by using the 3D differentiation regime, the fraction of transcripts with similar expression levels as in hPH, was increased compared to the 2D differentiation regime (Fig. 5) . The differentiation progress of hESC toward hepatic PRO was confirmed by RT-PCR, where the expression levels of Nanog and Oct-4, markers for UD, decreased while AFP, a marker for hepatic PRO, generally increased with time of differentiation (Fig. 6A, B) . Moreover, the gene expression levels of a large number of hepatic genes, phase I and II enzymes, and transporters were gradually increased with time of differentiation (Fig. 6C) . When comparing the gene expression levels in 3D differentiated cells to 2D differentiated cells, CYP7A1, CYP2C9, and CYP3A4 were expressed in significant higher levers in the 3D differentiated cells (Fig.  6C ), which suggests a more mature organization of the hepatocytes in this 3D system. The immunocytochemistry data provided further evidence that the stem cells differentiated toward functional hepatocytes, showing A1AT and CYP3A4 production (Fig. 8A, C) . The cells also express the BCRP transporter at similar patterns as seen in the liver slides (Fig. 8B) .
Our results clearly show that the differentiation of hESC in this specific bioreactor 3D culture system generates HEP that expresses a larger number of hepatocyte-specific characters compared to conventional 2D cultures. The results presented are promising and show that a 3D culture approach appears to constitute an important step in the process of deriving functional HEP and for preserving their differentiated status. However, it is clear that additional modifications to the directed differentiation procedure of the hESC have to be made to generate fully differentiated hepatocytes. There are continuously new reports describing additional findings in developmental signaling physiology, important for hESC differentiation toward hepatic cells [44, 45] . The specific 3D technique used here is in its infancy, and the bioreactor system has to be further characterized and developed. Based on studies on primary hepatocytes, we have determined that a newer type of bioreactor with a smaller cell compartment provides better culture condition for the cells. In future experiments, the timing when adding growth factors and their gradual changes during the differentiation process are also crucial factors that will be better monitored [45] . Moreover, possible binding of the added growth factors to the bioreactor and tubing will be better evaluated. We will also investigate whether coating [46] of the bioreactor can improve the differentiation process [46] .
In conclusion, in this article, we show that the functionality of HEP can be improved by differentiation in a dynamic 3D perfusion system compared to differentiation in a standard 2D culture. This dynamic bioreactor technology could, when further optimized, provide a useful tool for derivation of functional HEP for use in applications such as drug discovery, toxicity testing, and clinical applications.
